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The innervation of skeletal myofibers exerts a crucial influence on the maintenance
of muscle tone and normal operation. Consequently, denervated myofibers manifest
atrophy, which is preceded by an increase in sarcolemma permeability. Recently, de novo
expression of hemichannels (HCs) formed by connexins (Cxs) and other none selective
channels, including P2X7 receptors (P2X7Rs), and transient receptor potential, sub-family
V, member 2 (TRPV2) channels was demonstrated in denervated fast skeletal muscles.
The denervation-induced atrophy was drastically reduced in denervated muscles deficient
in Cxs 43 and 45. Nonetheless, the transduction mechanism by which the nerve represses
the expression of the above mentioned non-selective channels remains unknown. The
paracrine action of extracellular signaling molecules including ATP, neurotrophic factors
(i.e., brain-derived neurotrophic factor (BDNF)), agrin/LDL receptor-related protein 4
(Lrp4)/muscle-specific receptor kinase (MuSK) and acetylcholine (Ach) are among the
possible signals for repression for connexin expression. This review discusses the possible
role of relevant factors in maintaining the normal functioning of fast skeletal muscles and
suppression of connexin hemichannel expression.
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INTRODUCTION
The control of skeletal muscle function by the nervous system
has been of interest to researchers for more than 100 years in
studies examining diverse aspects from the effects of mechanical
loading to functions of specific molecular signals (Baldwin et al.,
2013). The nervous system exerts control over skeletal muscles
by two mechanisms: (1) neuromotor control, by which mus-
cle contraction is initiated by nerve impulses generated in the
brain cortex or the brainstem, depolarization of the sarcolemma
and electromechanical coupling; and (2) neurotrophic control,
which is independent of the electrical activity of motoneu-
rons, and depends on the release of soluble factors from the
nerve terminals of motor neurons at the neuromuscular junction
(NMJ).
The importance of neural influences on skeletal muscle is
evident from the rapid and severe muscular atrophy that occurs
whenever there is loss of neural continuity (e.g., due to CNS
injury, or the transection or compression of a nerve) (Tomanek
and Lund, 1973; Zeman et al., 2009); the ensuing atrophy is
considerably more rapid than that from other etiologies such
as immobilization (Tomanek and Lund, 1974), cachexia (Dell,
2002; Tisdale, 2002), malnutrition (Morley, 2012), severe burns
(Wu et al., 2010), aging (Demontis et al., 2013), dystrophies
(Rahimov and Kunkel, 2013), and myasthenia gravis (Keesey,
2004; Ishii et al., 2005). Muscle atrophy results in great extent from
accelerated turnover of proteins by the ubiquitin-proteasome
pathway, often coupled with diminished rates of protein syn-
thesis (Glass, 2003). Critical roles for signaling by myostatin,
NF-kB, and FoxO1 and FoxO3A have been defined and have
been reviewed in detail (Rüegg and Glass, 2011; Jackman et al.,
2013).
Application of electrical stimulation to nerves to elicit mus-
cle contractions can prevent or largely reverse muscle wasting
due to paralysis indicating the critical role of muscle contrac-
tion in suppressing the signaling responsible for muscle atrophy
(Dudley-Javoroski and Shields, 2008; Kim et al., 2008). There is
also a vital role for presence of an intact lower motor neuron
and NMJ, as demonstrated by findings of slowed muscle atro-
phy after spinal isolation (a variant of spinal cord injury, SCI)
as compared to nerve transection (Hyatt et al., 2003). On the
other hand, denervated muscle after temporary sensory nerve
innervation, which provides support to the denervated muscle,
improves functional recovery (Bain et al., 2001; Zhao et al.,
2004).
One consequence of nerve transection is increased mem-
brane permeability, reduced membrane potential, and increased
membrane excitability. Most of these changes have recently
been proposed to result from the de novo synthesis and
insertion of connexin 39, 43 and 45 channels into the sar-
colemma, which in turn have been found to mediate atrophy
of fast skeletal muscle (Cea et al., 2013). This review compiles
and discusses the information on the influence of the ner-
vous system on skeletal muscles and their atrophy, and intro-
duces the current state of knowledge regarding mechanisms
by which the nervous system regulates skeletal muscle and its
function.
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MUSCULAR ATROPHY INDUCED BY DENERVATION
When muscle is denervated due to injury of lower motor neu-
rons there ensues a flaccid paralysis and rapid atrophy with
reduction in muscle mass, strength and myofiber diameter;
apoptosis of myofiber occurs (Siu and Alway, 2005) together
with loss of muscle fibers (Tews, 2002). Most reports indi-
cate that as early as 7 days post-denervation there is a signif-
icantly decreased diameter of myofibers in mice (Bruusgaard
and Gundersen, 2008; Cea et al., 2013), rats (Pellegrino
and Franzini, 1963) and guinea-pigs (Tomanek and Lund,
1973).
It is well documented that the axonal stump that remains
after nerve injury undergoes a degenerative process known as
Wallerian degeneration (Salzer and Bunge, 1980). However, the
axonal stump maintains some physiological activity on skeletal
muscles for up to 1 day. Pioneering investigations in denervation
showed that there is a direct relationship between the length of the
axonal stump and time course of failure of the stump to transmit
impulses to the muscle (Eyzaguirre et al., 1952; Gutmann et al.,
1955; Birks et al., 1960). The axonal stump was demonstrated
to retain the ability to generate spontaneous miniature end-plate
potentials (MEPPs) and end-plate potentials (EPPs) that evoke
muscle contraction for 8–10 h. Failure of the stump to generate
MEPPs is preceded by a gradual decrease in their frequency, while
EPPs fail abruptly (Miledi and Slater, 1970). In addition, it was
established that the ability of the stump to transmit impulses
is prolonged by about 45 min for each additional centimeter in
the axonal stump, suggesting that there is a direct relationship
between the length of the axonal stump and the transmission
of impulses to the muscle (Miledi and Slater, 1970). Similarly,
the axonal stump length also influences the onset of muscular
disorders such as fibrillation and hypersensitivity to acetylcholine
(Ach; Luco and Eyzaguirre, 1955). This finding suggests that there
is transport and release of factor(s) from the axonal stump, which
ultimately are depleted as axonal reserves are consumed by the
myofibers. This idea was strengthened with a clinical observation
of weakness and muscle atrophy after accidental overdose of
vincristine, which blocks axonal transport (Maeda et al., 1987).
Together, these observations indicate need for renewal of the
synaptic machinery of the nerve endings responsible for the
MEPPs and EPPs.
The onset of fibrillation potentials in denervated muscles
(Luco and Eyzaguirre, 1955; Hník and Skorpil, 1962), usually
coincides with the reduction of resting membrane potential (Ware
et al., 1954; Thesleff, 1963; Albuquerque and Thesleff, 1968), and
was one of the first changes described; it has been suggested
that fibrillation is the result of membrane depolarization (Ware
et al., 1954; Li, 1960; Gage et al., 1989). However, there is no
conclusive evidence about the origin of these alterations or their
interrelationship.
The membrane depolarization after denervation is associated
with several changes in ion current, permeability and concentra-
tions. During the first post-denervation week, there is an increase
in intracellular Na+ concentration, a decrease in intracellular K+
concentration, and an increase in total calcium content, as well
as increased Na+ permeability (PNa+) and Na+ conductance, and
decreased PK+ (Purves and Sakmann, 1974b; Picken and Kirby,
1976; Smith and Thesleff, 1976; Kotsias and Venosa, 2001). This
can be explained in part by the massive expression of ion channels
such as cardiac-type voltage-gated Na+ channels (Sekiguchi et al.,
2012), fetal acetyl choline receptor (Emmanouilidou et al., 2010)
isoform and associated hypersensitivity to ACh (Rosenblueth
and Luco, 1937), the tetrodotoxin (TTX) Na+-resistant channels
(Harris and Thesleff, 1971), hemichannels (HCs) formed by
connexins (Cxs 39, 43, and 45; Cx HCs), pannexin1 (Panx1)
channels, purinergic ionotropic P2X7 receptors (P2X7Rs), tran-
sient receptor potential, sub-family V, member 2 (TRPV2), all
of which are channels that are found at high levels in the sar-
colemma within the first week after denervation (Cea et al.,
2013). There is also increased expression of the cardiac Ca2+
permeable dihydropyridine receptor isoform, but this occurs at
25 days post-denervation (Péréon et al., 1997), and thus is not
directly related to the onset of resting membrane potential decay.
Recently, it was demonstrated that absence of two Cxs (43 and
45) significantly decreased the loss of myofiber size in muscles
studied at day 7 post-denervation and prevented activation of the
p65 subunit of NF-kB and up regulation of pro-inflammatory
cytokines (TNF-α and IL-1β) (Cea et al., 2013). This finding
raises the question of whether de novo expression of Cxs is an
upstream response to many of the changes observed in myofibers
after denervation. If so, their expression and activation might be
somehow regulated by the innervation state or activity of the
myofibers.
MUSCULAR ATROPHY INDUCED BY SPINAL CORD INJURY
The disruption of continuity of the nervous system at the level of
upper motor neurons may occur as a consequence of neurological
conditions such as stroke, multiple sclerosis, or injury to the
spinal cord (SCI) and acutely results in paralysis and atrophy of
muscles; in SCI, affected muscles are those innervated by motor
neurons arising from spinal cord segments below the level of the
injury (Shields and Dudley-Javoroski, 2007; Qin et al., 2010).
These neurological conditions result in diverse abnormalities,
including spastic paralysis (Maynard et al., 1990; Sköld et al.,
1999), weakness (Thomas et al., 1997), and extensor plantar
responses. In SCI the lower motor neurons remain intact (Kaelan
et al., 1988; Bjugn et al., 1997) but deterioration of motor neuron
arborization and motor endplates occurs. Very heterogeneous
NMJ subgroups (pre and post synaptic) are observed, with
some present massive sprouting of nerve terminals, some loss
of concentrated clusters of ACh receptors (AChRs) and others
remaining intact (Burns et al., 2007); neuromuscular transmis-
sion is impaired (Ollivier-Lanvin et al., 2009). While denervation
rapidly results in flaccid paralysis and late fibrillation, SCI initially
presents as spinal shock and flaccid paralysis and is followed
by the development over a period of several weeks or more of
hyperreflexia and spasticity (Ditunno et al., 2004; Harris et al.,
2006). Following SCI there ensues a brisk and extensive atro-
phy of skeletal muscle in mice, rats, and humans (Qin et al.,
2010). In rodents, transection of the spinal cord, which results
in complete loss of volitional activation of motor neurons arising
below the anatomical level of the SCI, causes hindlimb muscle
atrophy by as much as 40–60% (Ung et al., 2010; Wu et al.,
2012). Similarly, muscle biopsy studies in humans suggest that
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following SCI, muscle fibers atrophy by 27 to 56% within the
first 6–18 months after injury (Castro et al., 1999). These changes
are associated with marked reductions in contractile force and
fatigue resistance, loss of slow- and fast-twitch oxidative fibers,
and diminished levels of enzymes for oxidative phosphorylation
(Qin et al., 2010). It has been shown that in muscle from SCI
rats studied at 56 days after the onset of paralysis, there are
elevated sarcolemmal levels of Cxs 39, 43 and 45, and Panx 1
(Cea et al., 2013), which as noted above stimulates activation of
the p65 subunit of NF-kB and drives muscle atrophy in muscle
paralyzed by nerve transection. These findings suggest that ele-
vation of membrane hemichannel expression may be involved in
initiating muscle atrophy after SCI, and other neurological disor-
ders that spare lower motor neurons such as stroke or multiple
sclerosis.
ELECTRICAL STIMULATION REVERSES MUSCLE ATROPHY
Evidence supporting the view that the lack of neuromotor
activity is responsible for the characteristics of muscle atrophy
comes from the experiments with electrical stimulation (Hník
et al., 1962; Salmons et al., 2005; Adami et al., 2007). After
denervation, the early initiation functional electrical stimula-
tion (FES) reverses the fibrillation potentials (Jones and Vrbová,
1970; Purves and Sakmann, 1974a), ACh hypersensitivity (Lomo
and Rosenthal, 1972; Lomo and Westgaard, 1975), and TTX-
resistant Na+ channel expression (Award et al., 1965). However,
it does not prevent loss of membrane potential (Squecco et al.,
2009). In SCI, loss of muscle mass is also reversed by FES
(Scremin et al., 1999). When used for extended periods, FES
greatly increases muscle volume, strength and endurance, and
the expression of slow myosin heavy chain isoforms (Dudley-
Javoroski and Shields, 2008; Qin et al., 2010). It was recently
demonstrated that muscle responds rapidly to FES with the
greatest number of gene expression changes occurring within
the first 1–3 days after initiating electrical stimulation (Ma
et al., 2007; Wu et al., 2013). Genes regulated by FES included
those for nicotinic AChRs (Adams and Goldman, 1998; Wu
et al., 2013), suggesting remodeling of NMJs, possibly to support
more efficient neuromuscular transmission. A striking difference
between the effects of FES on chronically paralyzed muscle of
rats or humans, and physical activity in the absence of SCI
is the delayed and impaired upregulation of genes, support-
ing oxidative phosphorylation in response to FES (Rochester
et al., 1995; Wu et al., 2013). Whether this reflects an effect
of a non-physiologic pattern of neural and neuromuscular acti-
vation, improperly organized signaling molecules at the NMJ,
or impaired mechanisms downstream of AChR activation, such
as absence of key transcription factors or slowly reversible
epigenetic modifications, is unclear. Eventually, more normal
gene expression responses are induced in humans by FES, sug-
gesting that the deficit, regardless of its cause, is reversible.
Intriguingly, even brief periods of FES are sufficient to pre-
vent muscle atrophy after SCI (Baldi et al., 1998; Kim et al.,
2008), suggesting that ACh actions on skeletal muscle per-
sist long after the membrane depolarization and contraction
have ceased. The nature of these persistent effects remains
unclear.
CONNEXINS AND SKELETAL MUSCLE
Connexins are membrane proteins that form poorly selective
channels in the cellular membrane that are also called HCs or
connexons. Classically, an HC forms an axially aligned complex
with another HC present in the membrane of an adjacent cell to
form an intercellular pore (gap junction channel), which directly
connects the cytoplasm of adjoining cells (Sáez et al., 2005).
More recently, HCs have been found to connect the intra and
extra-cellular compartments, allowing transfer of ions such as
Na+ (Li et al., 2001), K+ (Wallraff et al., 2006), and Ca2+ (Li
et al., 2001; Sánchez et al., 2009; Schalper et al., 2010; Fiori
et al., 2012), entry of nutrients such as glucose (Retamal et al.,
2007), release of metabolic products such as glutathione (Rana
and Dringen, 2007), as well as of autocrine and paracrine signals
such as ATP (Stout et al., 2002), NAD+ (Bruzzone et al., 2001),
cADPR (Song et al., 2011), IP3 (Gossman and Zhao, 2008),
glutamate (Ye et al., 2003), and prostaglandin E2 (Cherian et al.,
2005).
Myoblasts express Cxs and form gap junctions that are essen-
tial for development during early and late stages of myogenesis
(Constantin and Cronier, 2000). These gap junctions are likely
to coordinate gene expression and metabolic responses among
differentiating myoblasts (Kalderon et al., 1977; Dennis et al.,
1981; Constantin and Cronier, 2000; Araya et al., 2003, 2004;
von Maltzahn et al., 2004; Belluardo et al., 2005). In the terminal
stage of myogenesis there is down regulation of Cx expression
(Armstrong et al., 1983; Proulx et al., 1997; Constantin and
Cronier, 2000), and the progressive decline of electrical cou-
pling between myofibers (Dennis et al., 1981; Ling et al., 1992).
Connexins are absent in normal skeletal muscle fibers but they
have been detected in myofibers of adult muscles undergoing
regeneration after injury (Araya et al., 2004; von Maltzahn et al.,
2004; Belluardo et al., 2005) and in the sarcolemma of muscle
fibers at 7 days post-denervation or 56 days after SCI (Cea et al.,
2013). Studies of denervation atrophy in mice deficient for skeletal
muscle Cx43 and Cx45 have also demonstrated important roles
for these HCs in the signaling through which atrophy occurs. As
noted above, the double knockout reduced denervation atrophy
by ∼70% for fast muscles at 7 days associated with complete
inhibition of the activation of the p65 subunit of NF-kB, which
as mentioned above, has been shown to be a critical regulator
of denervation atrophy. To summarize, Cxs are expressed during
myogenesis, when muscle cells are not innervated, disappear
within few days after birth, when muscle cells are innervated,
rapidly emerge after denervation or paralysis due to upper motor
neuron injury, and mediate key signals responsible for denerva-
tion atrophy.
These findings strongly suggest that innervation and/or neu-
romuscular activity suppress Cx expression in the sarcolemma
of adult. The mechanism(s) that controls the expression of Cxs
in skeletal muscle is, however, unknown, and the only existing
evidence relates to the process of myogenesis and points to
microRNAs (miRNAs). Anderson et al. showed that miRNA-206
down-regulates Cx43 after birth (Anderson et al., 2006), and that
this miRNA is up-regulated in turn by the myogenic transcrip-
tion the factors myogenin and MyoD which promote myogenic
commitment (Rao et al., 2006). In adulthood, miRNA-206 is
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FIGURE 1 | Neuronal involvement in muscular atrophy: proposed
model. (1) Injury of upper- or lower motor neuron. (2) Repression of
connexin expression by motor neuron through an unknown mechanism is
interrupted. (2a) neurotrophin signaling; (2b) AChR signaling; ACh:
acetylcholine; AChR: acetylcholine receptor. ATP co-released with ACh
increases AChR activity. (2c) agrin/Lrp4/APP/MuSK signaling; MuSK:
Muscle-Specific Kinase; Dok-7: docking protein-7; Lpr4: LDL
receptor-related protein 4; APP: amyloid precursor protein. (3)
Hemichannels formed by connexins are expressed; Cx HC: connexin
hemichannel. (4) Increases probability of opening of Cx HC by an
unknown mechanism. (5) Entering Ca2+ and Na+ ions through
non-selective ion channels such as Cx HC (6), increased cytoplasmic
resting concentrations of these ions. (7) Protein unbalance. (8) Reduction
in the membrane potential is generated.
dramatically induced in a mouse model of ALS, and delays the
disease progression and promotes regeneration of neuromuscu-
lar synapses (Williams et al., 2009). However, it is known that
transcription factors responsible for up-regulation of miRNA-
206, MyoD and myogenin, show an increase in expression within
the first week after denervation (Nikolic et al., 2010) and SCI
(Dupont-Versteegden et al., 1998), which raises questions about
the importance of miRNAs as regulators of the expression of
Cxs during adulthood, since as mentioned above, Cxs are up-
regulated under conditions of loss of nerve continuity. This
situation suggests the existence of other mechanisms that reg-
ulate expression of Cxs in the adult skeletal muscle (Oyamada
et al., 2005). The above-mentioned findings that the expression
of Cxs in skeletal muscles is inhibited after birth, long after
innervation occurs, but at a time when a marked increase in
neuromotor activity is required, indicates that Cx expression
levels are most likely influenced by a neuromotor activity-related
mechanism.
MECHANISMS THAT COULD MAINTAIN THE LOW
EXPRESSION OF Cxs IN ADULT SKELETAL MYOFIBERS
The importance of Cxs throughout the life of the myofibers is
rather well established, and there is considerable evidence that
the neuromotor activity is related to their down-regulation in
adulthood. However, the mechanism responsible for this regu-
lation is not known. In this section we will discuss the possible
mechanisms related to this issue (Figure 1).
ACETYLCHOLINE (ACh)
The most studied function of ACh is its role in the conversion
of a neuron electrical signal into a chemical signal in the NMJs
to produce a mechanical response in the muscle. However, there
is also another function that is less well known, but equally
important regarding the development and maintenance of the
NMJ.
During postsynaptic differentiation, AChR clustering is initi-
ated by a nerve-independent mechanism (Lin et al., 2001; Yang
et al., 2001). The muscle-specific receptor tyrosine kinase (MuSK)
together with Wnt ligands are involved in the prepatterning of
adult AChRs, organizing them into concentrated clusters (Jing
et al., 2009). From the time that a motor neuron innervates a
myofiber, ACh through the cyclin-dependent kinase 5 (Cdk5)
pathway disperses the AChR clusters that failed to be positioned
with the nerve terminal (Fu et al., 2005; Lin et al., 2005), and
remains as negative signal in the formation of AChR clusters
in adulthood (Misgeld et al., 2005). The Cdk5-mediated reg-
ulation of AChR localization is poorly understood; we know
however that the intermediate filament protein nestin interacts
with Cdk5 and is required for ACh-induced association of p35,
the co-activator of Cdk5, with the muscle membrane (Yang et al.,
2011).
At level of the synaptic junction, blocking the release of the
synaptic vesicle with botulinum neurotoxin (Kinder et al., 2001;
Jirmanova et al., 1964), or blocking of AChR with alpha bun-
garotoxin (Ringel et al., 1975; Shen et al., 2006), also produces
Frontiers in Cellular Neuroscience www.frontiersin.org December 2014 | Volume 8 | Article 405 | 4
Cisterna et al. Muscle atrophy due denervation
a rapid onset of atrophy. Moreover, in myasthenia gravis, a
pathological condition characterized by the generation of anti-
AChR antibodies, also show changes in skeletal muscles similar
to those induced by denervation (Berrih-Aknin and Le Panse,
2014).
On the other hand, immobilization and denervation induce
de novo expression of neuronal nicotinic α7 AChRs (α7AChRs)
in myofibers, which is Ca2+ permeable (Dickinson et al., 2007),
and contributes to neurotransmission (Tsuneki et al., 2003; Lee
et al., 2014). Thus, α7AChRs together with aforementioned non-
selective channels could contribute to the increase in intracellular
Ca2+ that occurs after denervation.
AGRIN
Agrin is a proteoglycan released by the motor nerve terminal. This
protein binds MuSK and its crucial co-receptors LDL receptor-
related protein 4 (Lrp4) and amyloid precursor protein (APP;
Choi et al., 2013). Agrin plays a positive role in post-synaptic
differentiation by inducing and maintaining AChR clustering in
vitro and in vivo (Nitkin et al., 1987; McMahan, 1990; Ferns
et al., 1992; Ruegg et al., 1992; DeChiara et al., 1996; Gautam
et al., 1996; Glass et al., 1996; Lin et al., 2001; Yang et al., 2001).
Different studies showed that the prepatterning of AChR begins
before innervation (Yang et al., 2000, 2001; Lin et al., 2001).
Analysis in agrin, MuSK and Lrp4 mutant mice showed that these
animals die after birth due a general defect in the assembly of
the postsynaptic machinery when NMJ function is required for
breathing (DeChiara et al., 1996; Gautam et al., 1996; Hesser
et al., 2006; Weatherbee et al., 2006). On the other hand, in
absence of ACh (or synaptic transmission) and agrin, the NMJs
do form normally, but mice die at birth due to respiratory failure
in the absence of neuromuscular transmission (Misgeld et al.,
2005). Thus, agrin appears to be responsible for stabilizing the
nascent postsynaptic apparatus formed through the action of
MuSK/Lrp4.
The cell signaling downstream of MuSK requires the cyto-
plasmic adaptor protein (Dok-7), which is essential for both
MuSK-mediated prepatterning of AChRs and agrin-stimulated
AChR cluster stabilization upon innervation though the mech-
anism is not clear (Okada et al., 2006; Inoue et al., 2009); as
might be expected, mice carrying loss of function mutations of
Dok-7 die shortly after birth (Beeson et al., 2006; Okada et al.,
2006).
In humans, 5–10% cases of myasthenia gravis are caused by
autoantibodies against MuSK, which prevent binding between
MuSK and Lrp4, and inhibit agrin-stimulated MuSK phospho-
rylation (Huijbers et al., 2013). LDL receptor-related protein 4
has also been shown to be a target of autoantibodies in some MG
patients; being a new diagnostic marker for this disease (Pevzner
et al., 2012).
ATP
ATP is recognized as an important signaling molecule that
mediates diverse biological processes. In skeletal muscle, ATP is
released at the NMJ by synaptic vesicles and by myofibers and
has a postulated role in various regulatory processes including cell
proliferation, differentiation, and muscle contraction.
Synaptic vesicles isolated from vertebrates contain ACh and
ATP at a ratio of ∼10:1 (Dowdall et al., 1974; Zimmermann
and Denston, 1976; Volknandt and Zimmermann, 1986). An
ADP/ATP translocase enables the synaptic vesicle to accumulate
ATP (Luqmani, 1981; Lee and Witzemann, 1983; Stadler and
Fenwick, 1983); inside the vesicle, ATP is not, however complexed
with ACh (Kobos and Rechnitz, 1976). ATP is released with ACh
at NMJ in a pulsatile way in response to nerve impulses (Silinsky,
1975; Redman and Silinsky, 1994; Silinsky and Redman, 1996;
Vizi et al., 2000; Santos et al., 2003). The significance of this
pulsatile release is not clear. In development, ATP bound to P2X
receptors is equally effective with ACh acting through nicotinic
receptors in calcium mobilization (Kolb and Wakelam, 1983;
Häggblad and Heilbronn, 1988). In adults, the co-transmitter role
of ATP is less prominent than during development. Adenosine
generated by the hydrolysis of ATP was proposed as physiological
mediator of prejunctional neuromuscular depression (Redman
and Silinsky, 1994); at postjunctional sites, extracellular ATP
facilitates the action of ACh (Ribeiro, 1977), increases AChR
activity (Ewald, 1976; Akasu et al., 1981; Lu and Smith, 1991),
and K+ channel activation (Thomas and Hume, 1993), and
inhibits Cl− channels, by activating P2Y1 receptors (Voss, 2009);
overall, ATP enhances neuromuscular signaling in adult skeletal
muscle.
During skeletal muscle contraction, ATP is released from mus-
cle fibers (Cunha and Sebastião, 1993; Sandonà et al., 2005; Li
et al., 2008). This ATP can be released through ATP permeable
channels, including Cx HC and Panx channels (Bao et al., 2004;
Kang et al., 2008; Buvinic et al., 2009; Riquelme et al., 2013). As
was mentioned in Section Connexins and Skeletal Muscle, Cxs are
not expressed in the adult skeletal muscle. However, the Panx1
is expressed and forms Panx1 HCs in T-tubules. Thus Panx1
channels could be responsible for the release of ATP in adult
skeletal muscles. This ATP is necessary for the muscle potentiation
that occurs during repetitive electrical stimulation (Riquelme
et al., 2013).
The accumulation of ATP outside the sarcolemma has also
been shown to be necessary for the increased membrane per-
meability observed in muscle in pathological conditions where it
activates Cx HCs and Panx1 channels as well as P2X7Rs leading
to membrane permeabilization to ions and small molecules (Cea
et al., 2013); this accumulation of extracellular ATP is likely to
be facilitated after denervation of skeletal muscles or spinal cord
injury by the de novo expression of P2X7Rs and Cxs (39, 43 and
45) and up-regulation of Panx1 (Cea et al., 2013) as discussed
above.
NEUROTROPHIC FACTORS
The neurotrophic factors are critical for the development of
the nervous system (Skaper, 2012). In adulthood, there is well-
established interdependence between glial cells and motor neu-
rons (Michailov et al., 2004; Schulz et al., 2014). However, little
is known about the relationship between neurons, neurotrophic
factors, and trophic actions on myofibers.
Neuregulin 1 (NRG1) has been proposed as an extracellular
signal that induces synapse-specific transcription, because NRG1
induces AChR transcription in cultured muscle cells (Falls, 2003).
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However, mice lacking NRG1 in both motor neurons and skele-
tal muscles, or deficient for both the NRG-1 receptors ErbB2
and ErbB4 in skeletal muscles, have morphologically normal
synapses, although the amounts of AChRs and AChR mRNA at
synapses are modestly reduced (Escher et al., 2005; Jaworski and
Burden, 2006). A recent work elucidates that NRG1/ErbB signal-
ing maintains the efficacy of synaptic transmission by stabilizing
the NMJs via phosphorylation of α-dystrobrevin (Schmidt et al.,
2011).
Ciliary neurotrophic factor (CNTF), a member of the
interleukin-6 (IL-6) superfamily, induces cachectic effects
(Martin et al., 1996) and several inflammatory responses on
innervated skeletal muscle, including induction of fever and a
hepatic acute phase protein response (Espat et al., 1996). Also, it
has been postulated to CNTF acts as a neurotrophic factor that
regulates the expression of its receptor (CNTFR; Helgren et al.,
1994; Ip et al., 1996) and acetylcholinesterase in adult rat skeletal
muscle (Boudreau-Larivière et al., 1996).
Brain-derived neurotrophic factor (BDNF) is expressed at
relatively high levels during muscle development and then down
regulated postnatally (Griesbeck et al., 1995; Mousavi et al.,
2004). In adult rat muscle the constitutive expression of BDNF
is confined to the myofibers, satellite cells, Schwann cells and
endothelial cells (Liem et al., 2001), and is up-regulated in muscles
as response to acute or repeated exercise (Cuppini et al., 2007;
Matthews et al., 2009), but its possible effects on myofibers are
unknown.
In co-cultures of dissociated DRG neurons and skeletal
myofibers nerve growth factor (NGF) and neurotrophin 3 (NT-3)
increase the levels of messenger RNAs (mRNAs) of prepro-
tachykinin (PPT), calcitonin-gene related peptide (CGRP), neu-
rofilament 200 (NF-200), and microtubule associated protein
2 (MAP-2; Zhang et al., 2012), suggesting trophic effects
although one could not assess how these growth factors altered
neuromuscular function. Due to the limited information avail-
able, more studies are needed to elucidate the true impor-
tance of neurotrophic factors in the maintenance of muscle
characteristics.
CONCLUDING REMARKS
Electrical and metabolic coupling mediated by Cx-based gap
junctions are characteristics of smooth and cardiac muscles,
which must achieve coordinated contraction of large groups of
myocytes. The expression of Cx proteins is required for the
formation of gap junction channels that play critical roles in coor-
dinating diverse normal tissue functions in smooth and cardiac
muscle, including propagation of cardiac action potentials and
smooth muscle slow contraction waves. By contrast, skeletal mus-
cles are characterized by precise and rapid contraction responses
of single fibers or groups of fibers innervated by a common
nerve fiber (motor units) that must be activated independently of
muscle fibers in other motor units. This feature is accomplished
by the direct command of the nervous system through nerve
fibers with similar conduction velocity that innervate individual
motor units with similar electrical threshold. Thus, electrical
coupling of muscle fibers through gap junctions appears to be
unnecessary for rapid and coordinated contraction of skeletal
muscle fibers. Notably, neuromuscular activation represses the
expression or translation of several non-selective ion channels
during development.
Neuromuscular activation represses the expression or transla-
tion of several non-selective ion channels including HCs formed
by Cxs 39, 43 or 45, P2X7R, TRPV2 channel and alpha-7 nico-
tinic receptor in skeletal myofibers (Cea et al., 2013; Lee et al.,
2014). However, disruption of neural continuity at any level
between upper motor neuron and motor end plate elevates the
membrane incorporation of those gene products, with major
adverse effects on myofiber biology. Moreover, the membrane
expression of Panx1 channels is up-regulated. The sarcolemmal
incorporation of these protein subunits results in the cell surface
expression of non-selective ion channels, all permeable to mono-
valent cations and Ca2+ and some of them are also permeable
to small molecules (e.g., Cx HCs). Therefore, all of them could
contribute to different extents to reducing the resting membrane
potential of denervated myofibers as well as to the activation
of intracellular metabolic response activated by free cytoplasmic
Ca2+, including protein degradation. The overlapping features
of non-selective ion channels expressed in denervated muscle
might be taken as evidence that their expression is controlled by a
common mechanism (e.g., the same transcription factor). Thus,
a critical issue to be unraveled in the future is the identification
of the signal transduction mechanism activated at NMJs/motor
end plates that repress the expression of all these non-selective
ion channels. So far, it is known that early electrical stimulation
of muscles under disuse due to denervation does not prevent
the reduction in resting membrane potential and thus is insuffi-
cient to maintain the homeostasis of the sarcolemma. Likewise,
the presence of an intact lower motor neuron and NMJ does
not appear sufficient to prevent incorporation of these HCs
and channels into the sarcolemma. Contact between the nerve
terminal and motor end plate allows interaction of a series of
molecules released by axon terminals and glial cells and their
receptors present in myofibers. The main molecules are: ACh that
is responsible for the end-plate potential and dispersal of Ach
receptor clusters, ATP which is involved in muscle potentiation,
agrin that acts as positive signal in the clustering of AChRs,
and neurotrophins, whose effect on adult muscle fibers is poorly
understood (Figure 1). Therefore, more studies are needed to
elucidate the role of these substances in repressing incorporation
of the above channels and HCs into the sarcolemma of skeletal
muscle. miRNAs are recognized as regulators of diverse gene
networks and pathways and bind to their target mRNAs, causing
mRNA degradation or preventing protein translation. However,
miRNA expression levels do not fully explain changes in myofiber
expression levels of HCs and channels, and further studies are
required to identify the role of miRNA, and to identify alterna-
tive mechanisms that determine sarcolemmal expression levels
of them.
The discovery of the humoral factor that prevents the expres-
sion of protein subunits that form non-selective ion channels
in denervated muscles might unveil a valuable molecular tar-
get to design a rational therapeutic to prevent degeneration of
denervated myofibers that might also be useful to treat diverse
myopathies with compromised NMJs.
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